ABSTRACT We examined the role of cAMP-dependent protein kinase in Ca"-elicited catecholamine secretion from bovine adrenal chromaffin cells. When the digitonin-treated cells were incubated with the catalytic subunit of cAMP-dependent protein kinase, the secretion of catecholamines from the cells occurred in the absence of Ca 2+. The effect of the catalytic subunit was dependent on its activity (50-100 units/ml) and the presence of ATP-Mg2+ in the incubation medium. However, incubation of the cells with the regulatory subunit of cAMP-dependent protein kinase did not affect the secretion. Ca 2+ (43 nM -10 [M) also increased the secretion, which was ATP-Mg2+-dependent.
It is well documented that the secretion of catecholamines by exocytosis from adrenal chromaffin cells stimulated by acetylcholine, a physiological secretagogue, requires an increase in the intracellular free Ca 21 concentration ([Ca 211i) (1) . However, the mechanism by which the increase in [Ca 21]i induces the exocytotic secretion remains to be determined.
The importance of protein phosphorylation by protein kinases in the regulation of many aspects of various cell functions is well established. It has been observed that stimulation of bovine adrenal chromaffn cells by cholinergic drugs results in Ca2+-dependent increases in both the phosphorylation of numerous proteins and the secretion of catecholamines in the cells (2) . Some investigators have also shown that in digitonin-permeabilized adrenal chromaffin cells, Ca2+ causes the phosphorylation of many proteins and a concomitant increase in catecholamine secretion, which are dependent on ATP-Mg2+ (3 -5) . On the other hand, Cote et al. (6) have recently examined the relationship between acetylcholine-induced or high K+-induced protein phosphorylation and catecholamine secretion in considerable detail, but they have been unable to establish whether the increased protein phosphorylation is correlated to the secretion.
To investigate the role of protein kinases in the secretion, activators and inhibitors of protein kinases can be utilized. Our recent work has shown that the catecholamine secretion induced by 4il-phorbol-1213-myristate13a-acetate (PMA), an activator of protein kinase C, is abolished by the inhibitors and the down-regulation of protein kinase C, but the secretion induced by Ca 21 is still maintained under the conditions in digitonin-permeabilized chromaffin cells (7) . We have concluded that the protein phosphorylation by protein kinase C is not essential for the exocytotic secretion, but it does act as a modulator, which has also been supported by several other investigators (8, 9) .
On the other hand, at present, there is no universal agreement concerning the role of cAMP-dependent protein kinase in the secretion from adrenal chromaffin cells. The studies have focused mainly on the intact cells. Forskolin, an activator of adenylate cyclase, and cAMP analogs have been reported to increase catecholamine secretion from the cells (10, 11) . On the contrary, they have been observed to inhibit the secretion (12) or have no effect (13) . cAMP-dependent protein kinase phosphorylates not only the proteins involved in the intracellular process of exocytotic secretion but also ion channels and receptors in the plasma membrane, or forskolin and cAMP analogs may have other actions which include modifying the secretion besides the action of activating the adenylate cyclase and the protein kinase. Actually, it has been reported that cAMP directly increases the cation conductance of excised patches of olfactory ciliar plasma membranes and leads to membrane depolarization (14) , and that forskolin at high concentrations has a membrane-perturbing effect which results in a reduced response of rat PC12 pheochromocytoma cells to nicotine (15) . Thus, in the intact cells, the use of these agents does not lead to evidence of the participation of the protein kinase in the catecholamine secretion.
Therefore, to examine the role of cAMP-dependent protein kinase in Ca2+-elicited catecholamine secretion, we directly introduced the catalytic subunit (CS) of cAMP-dependent protein kinase and Ca 21 into digitonin-permeabilized bovine adrenal chromaffin cells.
MATERIALS AND METHODS

Chemicals
(8R *, 9S*,11 S*) -(-) -9 -hydroxy -9 -methoxycarbonyl-8-methyl -2, 3, 9,10-tetrahydro-8,11-epoxy-1H, 8H,11H-2,7b,1 l a-triazadibenzo (a, g)cyclooct (c, d, e)trinden-l -one (K-252a) and (8R *, 9S*,11 S*)-(-)-2, 8-dimethyl-9-methoxy-9-methoxycarbonyl-2,3,9,10-tetrahydro-8,11-epoxy-1H,8H,11H-2, 7b,1l a-triazadibenzo (a, g)cyclooct(c, d, e)-trinden-l-one (KT5823) were purchased from Kyowa Medex Co. (Tokyo). The catalytic and regulatory subunits of cAMP-dependent protein kinase and peptide inhibitor of cAMP-dependent protein kinase were from Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals were of the highest grade available from commercial sources.
Primary cell culture
Bovine adrenal chromaffin cells were isolated by digestion of collagenase using a previously described method (4) . Briefly, the cultured cells were washed twice with prewarmed Krebs-Ringer-N-2-hydroxyethylpiperazine-N"-2-ethanesulfonic acid (HEPES) (KRH) buffer (pH 7.4) containing 125 mM NaCl, 4.8 mM KC1, 2.6 mM CaC12, 1.2 mM MgSO4, 25 mM HEPES and 5.6 mM glucose. The cells were then preincubated for 10 min at 37V and then incubated for 5 min with 20 pg/ml digitonin in potassium glutamate-HEPES buffer (pH 7.4), consisting of 150 mM potassium glutamate, 15 mM HEPES-KOH, 5 mM ethylene glycol bis(r3-aminoethylether)-N,N,N;N tetraacetic acid (EGTA) and 5.6 mM glucose. The digitonin-treated cells were incubated for 10 min, with or without the test agents in potassium glutamate-HEPES buffer containing 2 mM ATP, 2 mM MgSO4, and either 5 mM EGTA or 5 mM EGTA and various amounts of CaC12 unless otherwise described in the text. The concentrations of free Ca 21 were calculated according to Portzehl and colleagues (16) . After incubation, the reaction was terminated by transferring the incubation medium to tubes in an ice cold bath. Catecholamines secreted into the medium were extracted with 0.4 M perchloric acid and adsorbed on aluminum hydroxide. Their amounts were estimated by the ethylenediamine condensation method (17), using a fluorescence spectrophotometer (Hitachi 650-105, Tokyo) at an excitation wavelength of 420 nm and an emission wavelength of 540 nm. At these wavelengths, epinephrine and norepinephrine showed the same fluorescence intensity. The amount of catecholamines secreted from the cells was expressed as a percentage of the total cellular catecholamines.
Statistical analyses
Statistical calculations were made according to the method (the multiple comparison) of Dunnett (18) . Differences were considered significant when zero is not included between the 95% confidence interval calculated.
RESULTS
Effect of CS of cAMP-dependent protein kinase on catecholamine secretion from digitonin permeabilized cells
When the digitonin-permeabilized chromaffin cells were incubated for 10 min at 37C with various activities of CS of cAMP-dependent protein kinase in the presence of 2 mM ATP-Mg2+, the secretion of catecholamines from the cells occurred (Fig. 1) . The increase in secretion was dependent on CS activity; the secretion was significantly observed with 50 units/ml CS and was maximized at 100 units/ml (7.5 ± 1.1 % of the total catecholamines in the cells). The CS-induced secretion was abolished when ATP-Mg2+ was eliminated from the incubation medium (Fig. 1) . On the other hand, incubation of the permeabilized cells with the regulatory subunit (100 and 200 units/ml) of cAMP-dependent protein kinase in the presence of ATP-Mg2+ showed no effect on the secretion from the cells (Fig. 1) , indicating that the effect of CS on the secretion is attributable to its catalytic activity. The CS (at 200 units/ml)-induced secretion was completely blocked by a potent synthetic peptide inhibitor of cAMPdependent protein kinase (19) at 1 pg/ml, which can inhibit 2,000 units of the kinase ( Table 1) . The inhibitor at 0.1 ,ug/ml, which corresponds to the inhibition of 200 units of the kinase, however, had no inhibitory effect on the CS-induced secretion (Table 1) . This is probably due to the binding of the inhibitor to the endogenous protein kinase and other proteins.
The addition of 600 nM free Ca 21 to the incubation medium in the presence of 2 mM ATP-Mg2+ resulted in an increase in the secretion of catecholamines from the digitonin-permeabilized cells (11.0±0.8%) (Fig. 1 ). The secretion evoked by Ca 21 was not affected by the peptide inhibitor at even 10 pg/ml (Table 1) . CS enhanced this Ca2+-evoked secretion in an activity-dependent manner; the enhancement of secretion was significantly observed with 25 units/ml of CS and attained a maximum (15.7 ± 1.4%) at 200 units/ml. Elimination of ATP-Mg2+ abolished both Ca 2+-and CS plus Ca2+-induced secretion (Fig. 1) . The CS-induced (at 100 units/ml) increase in secretion was approximately linear up to 10 min of incubation in the presence and absence of Ca2+, and it was similarly maintained even in the presence of 10 mM EGTA (data not shown), suggesting that the effect of CS on the secretion is not due to a modification of [Ca 2+]i. Aster tine intact cells were incubated with LU pg/ml digitonin in potassium glutamate buffer in the absence or presence (0.1, 1 or 10 jig/ml) of the peptide inhibitor of cAMP-dependent protein kinase for 5 min at 371C, the permeabilized cells were then incubated for 10 min at 37C with or without 200 units/ml CS in Ca 2+-free (with 5 mM EGTA) medium or without CS in 600 nM Ca 21 -containing medium under the various concentrations (0, 0.1, 1 or 10 jig/ml) of the peptide inhibitor. Catecholamines secreted from the cells were determined as described in Materials and Methods. The inhibitor atEffects of Ca2 +, K-252a and KT5823 on CS-induced catecholamine secretion from digitonin permeabilized cells To investigate the role of cAMP-dependent protein kinase in Ca'-evoked catecholamine secretion from adrenal chromaffin cells, the effect of CS on the secretion was examined under various concentrations of free Ca" in the medium. As shown in Fig. 2 , the secretion from the permeabilized cells was increased by increasing the free Ca 21 concentrations from 43 nM to 10 pM. A half maximal and a maximal secretion occurred at about 600 nM and 10 ,uM free Ca 2+, respectively. CS (100 units/ml) enhanced the secretion evoked by 43 nM-3 iM free Ca2+, but had no effect on the maximal secretion evoked by 10 or 20,uM free Ca2+, indicating that under a saturating concentration of free Ca2+, CS no longer has the ability to induce the secretion. Figure 3 shows the effect of K-252a, a potent but nonselective inhibitor of protein kinases (20, 21) , on catecholamine secretion from the permeabilized cells evoked by 100 units/ml CS, 600 nM free Ca 21 or 100 units/ml CS plus 600 nM free Ca 2+. K-252a significantly but not completely inhibited both Ca 2+-and CS plus Ca 21 -induced secretion in a concentration-dependent manner up to 10 nM. The K-252a inhibitions of Ca 2+-and CS plus Ca 2+-induced secretion were detected at 1 nM, and they were 49 and 30%, respectively, at 10 nM. K-252a also diminished the CS-induced secretion, but the inhibition (60010) was significantly observed with 10 nM. On the other hand, the inhibition by K-252a at over 100 nM was much less than that at 10 or 100 nM (data not shown). K-252a at over 100 nM may induce the release of catecholamines directly from chromaffin granules. On the other hand, KT5823 (1 nM -1 1eM), a relatively weaker inhibitor of protein kinases (22) , did not inhibit their secretion at all (data not shown). 
DISCUSSION
In this study, we found that CS of cAMP-dependent protein kinase introduced into the digitonin-permeabilized chromaffin cells produces the secretion of catecholamines from the cells. The effect of CS on the secretion was dependent on its activity and the presence of ATPMg 2+, but it was independent of the presence of Ca 21 (Fig. 1) . The CS-induced secretion was blocked by both the potent synthetic peptide inhibitor of cAMP-dependent protein kinase (19) (Table 1) and K-252a, a potent but non-selective inhibitor of protein kinases (20, 21) (Fig. 3) , but it was not affected by KT5823, which has a structure similar to that of K-252a, but is a relatively weaker inhibitor of protein kinases (22) . On the other hand, the regulatory subunit had no effect on the secretion (Fig. 1) . These results strongly suggest that CS induces catecholamine secretion via protein phosphorylation in bovine adrenal chromaffin cells.
While we were preparing this paper, Morgan et al. (23) reported that one component (Exo2) present in the cytosol of adrenal chromaffin cells, which has a secretory activity of catecholamines, is the CS of cAMP-dependent protein kinase. They found that the stimulatory effects of CS on the secretion is Ca 2+-dependent, whereas its stimulatory effect in this study was Ca 21 -independent (Fig. 1) . This is a very big difference in elucidating the role of cAMP-dependent protein kinase in Ca 2+-elicited catecholamine secretion, but nonetheless their study provided evidence supporting our finding. Although the reason for the discrepant experimental findings regarding the interactions of cAMP and Ca 21 is not clear, there are a few possible explanations: 1) in the laboratory of those authors (23) , the cells were exposed to long-term incubation followed by permeabilization (the cells were permeabilized with digitonin for 10 min, preincubated with CS for 15 min and then incubated with Ca 21 for 20 min). This leads to the differential loss of soluble cellular constituents; or 2) the original source of CS that they used may be different from ours. These differences may account for the discrepancy.
Niggli et al. (24) have reported that cAMP introduced into "leaky" adrenal chromaffin cells affects neither the basal nor the Ca2+-evoked secretion of catecholamines, while Bittner et al. (25) and Morgan et al. (23) have shown that cAMP slightly enhances Ca 2 '-dependent secreton but not Ca2+-independent secretion. Thus, in the permeabilized cells as well as in the intact cells (11) (12) (13) , the effects of cAMP on the secretion have appeared to be contradictory. This may be explained by the fact that cAMP has other actions (without the protein kinase being involved), as described in the Introduction, in addition to a few differences in the experimental conditions among the different laboratories (cell and permeabilizing conditions, etc.).
Nicotinic stimulation of bovine adrenal chromafl'in cells has been reported to lead to Ca 21 influx into the cells and subsequently an increase in cAMP produced by Ca2+-activated adenylate cyclase (26) . However, this Ca 2+-induced cAMP elevation did not correlate with Ca 2+-dependent catecholamine secretion. Furthermore, in the present study, 1) the peptide inhibitor did not affect the Ca2+-evoked secretion, although it abolished the CS-induced secretion (Table 1) ; 2) K-252a inhibited the Ca2+-evoked secretion at lower concentrations than the CS-induced secretion (Fig. 3); and 3 ) the degree of the secretion by CS was less than that by Ca 2+ (Fig. 1) . Considering these findings and results, it is unlikely that cAMP-dependent protein kinase participates in an intrinsic process of Ca2+-elicited secretion.
In other secretory cells, the role of cAMP (cAMP-dependent protein kinase) in the Ca2+-dependent exocytotic mechanism has been explored using permeabilized cells. For example, in permeabilized islets, cAMP and Ca 2+ stimulated insulin secretion (27, 28) presumably via protein phosphorylation (29) , but the secretory response to Ca 2+ was independent of the activation of cAMP-dependent protein kinase (30) . cAMP promoted the insulin secretion by a direct interaction with the secretory machinery (31) . cAMP also caused Ca2+-independent secretion of amylase and luteinizing-hormone in permeabilized parotid acini (32) and pituitary cells (33) , respectively. On the other hand, cAMP potentiated Ca 2+-dependent secretion of amylase in permeabilized pancreatic acinar cells (34, 35) , and the amylase secretion by both Ca 2+ and cAMP was inhibited by W-7, a calmodulin inhibitor, and KN-62, a specific inhibitor of Ca2+/calmodulin-dependent protein kinase II (36) , suggesting an interaction between Ca 2+ and cAMP via the Ca 2+/calmodulin complex in the secretory process. cAMP also enhanced Ca2+-dependent secretion in permeabilized RINm5F cells (37) . Thus, the role of cAMP (cAMP-dependent protein kinase) in Ca 2+-evoked secretion is variable in cell types.
Ca 21 increased the basal secretion of catecholamines, and CS enhanced this Ca2+-evoked secretion (Fig. 1) . The enhancement of the secretion by CS, however, was no longer observed with the free Ca2+ concentration that causes a maximal secretion (Fig. 2) . These results strongly suggest that CS and Ca 2+ have a secretory mechanism in common. The mechanism is presumably to phosphorylate the protein(s) involved in the secretory process. The Ca2+-evoked secretion as well as the CS-induced secretion was inhibited by K-252a (1-100 nM) (Fig. 3) . The K; value of K-252a is about 20 nM for cyclic nucleotide-dependent protein kinases, protein kinase C, and myosin light chain kinase tested in vitro (20, 21) . This further supports that protein kinase(s) is involved in the process of Ca2+-evoked secretion. Therefore, it is possible that the protein phosphorylation by Ca2+-dependent protein kinase, which has a property similar to that of cAMP-dependent protein kinase on the target protein, may at least partly play an important role in the Ca2+-dependent exocytotic secretion of catecholamines from bovine adrenal chromaffin cells. It is necessary to identify the protein(s) phosphorylated in common by cAMP-dependent protein kinase and Ca2+. Such studies are now in progress.
